Hyperglycemia-linked oxidative stress and/or consequent endoplasmic reticulum (ER) stress are the causative factors of pathogenesis of diabetic retinopathy. Dietary bioactive components which mitigate oxidative stress may serve as potential chemopreventive agents to prevent or slow down the disease progression. Wolfberry is a traditional Asian fruit consumed for years to prevent aging eye diseases in Asian countries. Here we report that dietary wolfberry ameliorated mouse retinal abnormality at the early stage of type 2 diabetes in db/db mice. Male mice at six weeks of age were fed the control diet with or without 1% (kcal) wolfberry for eight weeks. Dietary wolfberry restored the thickness of the whole retina, in particular the inner nuclear layer and photoreceptor layer, and the integrity of the retinal pigment epithelia (RPE), and the ganglion cell number in db/db mice. Western blotting of whole retinal cell lysates revealed that addition of wolfberry lowered expression of ER stress biomarkers binding immunoglobulin protein (BiP), protein kinase RNA-like ER kinase (PERK), activating transcription factor 6 (ATF6) and caspase-12, and restored AMP-activated protein kinase (AMPK), thioredoxin, Mn superoxide dismutase (Mn SOD) and forkhead O transcription factor 3 a (FOXO3a) activities. To determine if our observations were due to the high contents of zeaxanthin and lutein in wolfberry, additional studies using these carotenoids were conducted. Using the human adult diploid RPE cell line ARPE-19, we demonstrated that both zeaxanthin and lutein could mimic the wolfberry preventive effect on activation of AMPK, thioredoxin, Mn SOD, FOXO3a activities, normalize cellular reactive oxygen species and attenuate ER stress in ARPE-19 cells exposed to a high glucose challenge. The zeaxanthin preventive effect was abolished by small interfering RNA knockdown of AMPKa. These results suggested that AMPK activation appeared to play a key role in upregulated expression of thioredoxin and Mn SOD, and mitigation of cellular oxidative stress and/or ER stress by wolfberry and zeaxanthin and/or lutein. Taken together, dietary wolfberry on retinal protection in diabetic mice is, at least partially, due to zeaxanthin and/or lutein.
Introduction
Diabetic retinopathy is a retinal damage caused by complications of diabetic mellitus. It is the leading cause of vision impairment and blindness in working age adults. Unfortunately, no permanent cure is currently available. It is well accepted that hyperglycemia is a major causative factor of the progression of the disease. 1, 2 At the early stage of diabetes, retinal blood microvessels are still intact and no observable blood leakage occurs. However, hyperglycemia-induced cellular oxidative stress would alter cellular energy homeostasis, mitochondria biogenesis and metabolic activity, for instance down-regulation of AMP-activated protein kinase (AMPK). 3 -5 AMPK is a trimeric serine/threonine kinase and functions as a cellular energy sensor to maintain cellular energy homeostasis. AMPK consists of a catalytic a subunit and noncatalytic b and g subunits. The a subunit has a NH 2 -terminal catalytic kinase domain and a COOH-terminal regulatory domain where the b and g subunits bind. Phosphorylation of the AMPK a subunit (AMPKa) on Thr172 causes activation of AMPK. 3 AMPK has been proposed to mediate hyperglycemia-induced reactive oxygen species (ROS) production in the mitochondria. 5 Prolonged diabetic inhibition of AMPK causes mitochondria dysfunction and disruption of cellular ROS homeostasis. 5, 6 Thus, AMPK signaling could be a novel target for diabetic therapy. 7 Hyperglycemia-linked oxidative stress disrupts protein synthesis and protein folding in the endoplasmic reticulum (ER) among diabetic patients. 8, 9 Studies have suggested that protein unfolding and/or misfolding in the ER would eventually lead to ER stress, and subsequent cell apoptosis. 10, 11 Three signaling pathways are involved in ER stress, which include three ER stress transducer proteins, inositolrequiring protein-1 (IRE1), activating transcription factor 6 (ATF6), protein kinase RNA-like ER kinase (PERK), and an ER stress sensor protein binding immunoglobulin protein (BiP). 10,12 -14 In unstressed cells, BiP binds to and inactivates IRE1, ATF6 and/or PERK. When ER stress occurs, protein expression levels of BiP, IRE1, ATF6 and PERK are elevated. BiP dissociates from all three transducers, which triggers activation of those three transducer-mediated signaling pathways, and subsequently leads to induction of C/EBP homologous protein transcription factor, and activation of c-Jun NH 2 -terminal kinase and caspase, which eventually results in apoptosis in diabetes. 12 -14 Thus, ER stress has been considered as a major driven force to cellular oxidative damage in the diabetic retina. 13 Wolfberry (Lycium barbarum L., Chinese name Goji berry) is a fruit which has been consumed for hundreds of years in China and Eastern Asia to prevent eye diseases. It was exported to Western countries in the last century. Fresh wolfberry fruits are bright orange-red and oblong-shaped. They can be purchased fresh or as a dried fruit, drink and/or a wine. Wolfberry contains large amounts of lutein and zeaxanthin in ester forms, which are neuroprotective in the progression of macular degeneration. 14, 15 Zeaxanthin and lutein are dominantly enriched in the retinal pigment epithelium (RPE) and other retinal layers, particularly within the central macula. 14 In addition, wolfberry contains significant amount of polysaccharides and phenolics. 14, 16, 17 Small molecules such as betaine, cerebroside, various vitamins and zinc are observed in wolfberry as well. 14, 17, 18 According to traditional Chinese medicine literature, wolfberry can nourish liver and kidney, help re-balance the 'Yin' and 'Yan' (i.e. energy homeostasis), boost immune system and improve vision. However, the molecular mechanisms of how the bioactive constituents of wolfberry exert their influence on vision are not well understood.
This study sought to determine the nature of the preventive effect of dietary wolfberry and/or its bioactive components, zeaxanthin and lutein, on diabetic retinopathy using models of the db/db leptin receptor deficient type 2 diabetic mouse in vivo and the human RPE cell culture in vitro. The results suggested that wolfberry, zeaxanthin and/or lutein ameliorated retinal damage and this could be due to the restoration of AMPK and its downstream target proteins involving attenuation of ER stress and/or oxidative stress in the diabetic retina and in the human RPE cells exposed to a high glucose challenge. These findings could lead to the development of complementary dietary regimens for prevention or delay of the onset of retinopathy at the early stage of type 2 diabetes.
Materials and methods

Animal, wolfberry and design
Six-week-old male wild-type (C57BLKS/J, abbreviated WT) and type 2 diabetic (BKS.C g-m þ /þ Lepr db /J, abbreviated db/db) mice were purchased from Jackson Laboratory (Bar Harbor, MA, USA). Forty-two db/db and 42 WT mice were equally divided into two treatment groups. One group of mice were fed a regular control diet (CD, n ¼ 21) and the other group were fed a control diet with the addition of 1% (kcal) wolfberry (Wolfberry Diet, WD, n ¼ 21). The diets were formulated and purchased from the Research Diets Inc. (Table 1 ) (New Brunswick, NJ, USA).
Wolfberry used in this project was from the same batch of the 'Zhongning' wolfberry which was purchased from Zhongning (Ningxia, China) through a local grocery store. Macronutrient contents of wolfberry fruits were analyzed in the Analytical Service Laboratory at Kansas State University (202 Weber Hall, Manhattan, KS, USA). About 68.2% of the mass of dried wolfberry fruits was carbohydrate, 11.8% was protein and 8.6% was fat, giving a total caloric value in a 100 g serving of about 397 kcal (estimated calories ¼ protein Â 4 þ carbohydrate Â 4 þ fat Â 9). Thus, the Wolfberry diet contained 10.7 g wolfberry fruits in the CD per 4057 kcal (10.7 g/4057 kcal) ( Table 1) . Animals were fed their respective diets for eight weeks. Food consumption and blood glucose were tracked on a weekly basis. All experiments conformed to the Association for Research in Vision and Ophthalmology Statement for Use of Animals in Ophthalmic and Vision Research and were performed under an institutionally approved animal protocol.
Mice were group housed (three/cage) in a controlled environment with a 12-h light/dark cycle at a constant room temperature. All animals had free access to water and food throughout the study. After eight weeks, animals were sacrificed by CO 2 according to the approved protocols. Blood samples were collected for plasma insulin measurement. Note, in our preliminary study we observed that CO 2 euthanization did not cause any significant change of insulin concentrations in both animal groups, WT and db/db, compared with that of cervical dislocation. Heart, kidney, liver and right eyes were removed, weighed and placed in liquid nitrogen immediately, then stored at 2808C until processed for protein extraction. The left eyes of mice were removed and fixed for light microscopy.
Fasting blood glucose test
A drop of blood ( 5 mL) was collected from six hours fasting mice by a tail snip. Blood glucose was tested by the Precision Xtra w blood glucose monitoring system (Alameda, CA, USA), according to the manufacturer's instruction.
Plasma insulin measurement
Fasting (6 h) blood samples were collected into PST TM tubes with polymer gel and lithium heparin (BD, Franklin Lakes, NJ, USA). Plasma was separated by centrifugation. Plasma insulin concentration was determined using the ultrasensitive mouse insulin ELISA kit (Crystal Chem, Downers Grove, IL, USA), following the manufacturer's instruction.
Human RPE cell culture and a high glucose challenge
The human RPE cell line ARPE-19 was purchased from the American Type Culture Collection (ATCC; Rockville, MD, USA). Cells were grown in Dulbecco's modified eagle medium (DMEM) (low glucose at 1 g/L or 5.5 mmol/L; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA), 50 mg/mL gentamicin, 0.05 unit/mL penicillin, 50 mg/mL streptomycin (Invitrogen) at 378C in an atmosphere of 95% air and 5% CO 2 . Cells at passages 8 -14 were used for experiments. APRE-19 cells were exposed to 36 mmol/L glucose for 48 h to mimic hyperglycemia in vitro. Such high glucose could maximize significant cellular hyperglycemic response. Mannitol was used as an osmotic control (addition of 30.5 mmol/L mannitol into DMEM low glucose medium to achieve 36 mmol/L).
Knockdown of endogenous AMPKa
Endogenous AMPKa was knocked down by small interfering RNA (siRNA) targeting to AMPKa DNA sequence 5 0 GCA TAT GCT GCA GGT AGA TAA 3 0 . The AMPKa siRNA was transfected into cells using HiPerFect siRNA transfection reagent according to the instructions provided (Qiagen, Valencia, CA, USA). The cells were left for six hours to knockdown AMPKa prior to experimentation. Knockdown of AMPKa was monitored by Western blot. The vehicle (transfection reagent) and negative control siRNA (AllStars Negative Control siRNA, Qiagen, catalog # 1027281) were used as negative controls.
Detection of cellular ROS
Cellular ROS level was detected by a fluorimetric assay using carboxy-H2DCFDA (C400) as the probe (Invitrogen). One hundred microliters of 4 Â 10 4 cells/mL ARPE-19 cells were seeded into a black 96-well cell culture plate and incubated at 378C for 12 h in a 5% CO 2 humidified incubator. Following the incubation, cells were treated with high glucose (36 mmol/L) only and/or high glucose with zeaxanthin and/or lutein (at 0.625 and 1.25 mmol/L) for 48 h. Note, zeaxanthin and/or lutein stock solution was prepared at 10 mmol/L in dimethyl sulfoxide (DMSO). In our preliminary experiments, we tested the antioxidant effect of DMSO on ARPE-19 cells, and observed that DMSO under 0.05% had no impact on oxidative stress linked gene expression, and ROS production (data not shown). Cells were then washed with prewarmed phosphate-buffered saline (PBS). One hundred microliters of carboxy-H2DCFDA at 10 mmol/L in PBS was added in each well and cells were further incubated in the culture incubator for additional 45 min. The fluorescence was quantified using a microplate reader with a fluorescence excitation of 485 nm and emission at 538 nm. Relative fluorescence intensity was normalized to untreated ARPE-19 cells (the PBS group) and graphed.
Profiling wolfberry carotenoids by high-performance liquid chromatography
The wolfberry carotenoid was profiled by high-performance liquid chromatography (HPLC) by Craft Technologies, Inc. (Wilson, NC, USA) (http://www.crafttechnologies.com/). Carotenoid content was expressed as mg/g fruits (dried fruits).
Determination of water soluble carbohydrates
Water soluble carbohydrate of wolfberry fruits was determined by the anthrone method. 19 Fruits were blended into a powder. The powder was mixed with 4.5 volume of deionized water and boiled for 30 min. The mixture was filtered with four layers of cheese cloth. The aqueous phase was harvested and subjected to further centrifugation at 1500g for 30 min at 48C (Sorvall RC-5, Thermo Scientific, Waltham, MA, USA). The supernatants were freeze-dried. The freeze-dried powder was reconstituted in anthrone solution to achieve the solution at 2 g/L anthrone in 75% H 2 SO 4 . The mixture was boiled at 1008C for 15 min. After the samples were cooled down, the absorbance was read at 578 nm using a spectrophotometer. Glucose was used as a standard.
Measurement of total phenolics
Wolfberry fruits were blended into a powder. The powder was mixed with 10 volume of 95% ethanol, with stirring for 24 h at 48C. Total phenolics were then extracted by reflux extraction three times, two hours of each at room temperature. The mixture was filtered, and aqueous phase was harvested and subjected to further evaporation to get rid of ethanol. The remaining mass was freeze-dried. The freeze-dried powder was reconstituted in PBS to achieve water soluble solution for total phenolic measurement.
The amount of total phenolics was determined according to the Folin-Ciocalteu method. 20 Ten microliters of wolfberry water soluble solution (at 1 mg/mL in deionized water) was mixed with 50 mL Folin-Ciocalteau's reagent and 50 mL Na 2 CO 3 solution (20%, w/v), then incubated for two hours at room temperature. After that the absorbance of samples was measured at 760 nm using a spectrophotometer. Results were expressed as milligram quercetin equivalent per gram wolfberry fruits.
Western blot
Alteration of retinal protein expression and phosphorylation was determined by Western blot as described. 21 Whole retina was dissected under a dissecting microscope. Whole retinal cell lysates and ARPE-19 cell lysates were achieved as described previously. 21, 22 The primary and secondary antibodies were purchased from Cell Signaling Tech. (Danvers, MA, USA). Immunoreactive bands were detected by chemiluminescence (ECL; Thermo Scientific Pierce, Rockford, IL, USA) and visualized by the FluorChem 8800 advanced image system (Alpha Innotech, San Leandro, CA, USA). b-Actin was used as a equal loading control. Total pixel intensity of each protein band was normalized to b-actin, and was then used for graphing and statistic analysis.
Light microscopy
Mouse retinal microscopy was performed as previously described. 22 Eye balls were collected and then fixed in a fixative containing 2% paraformaldehyde, 2.5% glutaraldehyde (Sigma-Aldrich, St Louis, MO, USA) and 0.1mol/L cacodylate, and then postfixed with osmium tetroxide (Electron Microscopy Sciences, Fort Washington, PA, USA). Dehydration was in 70% ethanol for 12 h, overnight with 100% ethanol, and 12 h with 100% acetone and finally embedding in Epon LX112 (Electron Microscopy Sciences). Sections were taken perpendicular to the optic nerve so that all of the layers of the retina could be observed. Eyes were sectioned until the optic nerve was observed, so that the depth was consistent in all of the sections. Thick sections (1 mm) were obtained and stained with 1% (W/V) toluidine blue O (Electron Microscopy Sciences) and viewed using a Nikon Eclipse E600 light microscope (Nikon Inc., Melville, NY, USA). The thickness of central retina, the ganglion cell layer (GCL), the inner plexiform layer (IPL), the inner nuclear layer (INL), the outer plexiform layer (OPL), the outer nuclear layer (ONL), and the photoreceptor layer (including the outer segment [OS] and the inner segment [IS]) were measured at the site of 300 mm away from the center of the optic nerves, and analyzed using analySIS software (Soft Imaging System GmbH, Munster, Germany). The ganglion cell number per 100 mm of the GCL was counted in the central retinal regions (between 300 and 400 mm away from the center of the optic nerves). 23, 24 Structural alteration was analyzed and photographed in the same area of the central retina (around 300 mm away from the center of the optic nerves).
Statistical analysis
All results were expressed as mean + SD. n represents the number of mice in each experimental group. Differences in measured variables corresponding to dietary treatment (control and wolfberry) and genotype (WT and db/db mice) were tested using two-way analysis of variance (ANOVA). Data normality was tested using the D'Agostino-Pearson omnibus test. Some data were also tested by the Q-test. The ARPE-19 cell culture experiments were triplicate. The results were analyzed by one-way ANOVA with Dunnett's multiple comparison using SAS 9.1. Representative images of Western blot and light microscopy on retinal structure were shown. The level of significance was considered at P 0.05.
Results
Wolfberry is enriched in zeaxanthin, water soluble carbohydrate and phenolics Carotenoid HPLC analysis results showed that wolfberry fruits contained a significant amount of zeaxanthin (at 1761.3 mg/g fruits), lutein (at 50.9 mg/g fruits) and b-cryptoxanthin (at 25.8 mg/g fruits) ( Table 2 ). Analytical results showed that wolfberry fruits used in this study contained water soluble carbohydrates at 25.2 + 1.5% (w/w), and phenolics at 7.8 + 0.4 mg quercetin equivalent/g fruits.
Wolfberry does not lower blood glucose and insulin in db/db type 2 diabetic mice db/db type 2 diabetic and the genetic background WT mice were fed with CD and/or control diet with addition of 1% (kcal) wolfberry (WD) for eight weeks, starting at six weeks of age. The diet formulas were shown in Table 1 . The results demonstrated that db/db mice consumed larger amount of diets than that of WT mice; however, daily food consumption rates of db/db mice were not different within CD and WD diets ( Figure 1a ). WT mice had greater heart:body weight and kidney:body weight, but lower liver:body weight than those of db/db mice (P , 0.01, n ¼ 21) (Table 3 ). Supplementation of the wolfberry at 1% (kcal) did not cause significant difference in the heart, liver, kidney and overall body weight of either db/db or WT mice (Table 3 and Figure 1b ).
Fasting blood glucose and plasma insulin were further determined in those animals. As shown in Figure 1c , WT mice had regular fasting blood glucose concentrations that did not differ by diet. Fasting blood glucose concentrations were elevated in db/db mice fed CD starting at six weeks of age, indicating the development of hyperglycemia. Addition of wolfberry did not lower fasting blood glucose concentration (WD versus CD). Plasma insulin was measured at study termination (for 8 weeks) ( Table 3 ). The result showed that db/db mice at 14 weeks of age had significant higher insulin concentration than that of WT mice (P , 0.05). No difference was observed by diet (CD versus WD), suggesting that wolfberry at 1% (kcal) did not systemically improve hyperglycemia and insulin resistance in db/db type 2 diabetic mice.
Wolfberry ameliorates retinal abnormality in db/db type 2 diabetic mice
Retinal thickness and structural alteration were determined by light microscopy. We defined that the central retina thickness is the distance from the GCL to the RPE layer in the central area of retina which is located at around 300 mm away from the center of optic nerves. As shown in Figure 2a , the whole central retina in db/db type 2 diabetic mice was significantly thinner than that of WT mice (P , 0.05, n ¼ 21). Application of dietary wolfberry significantly improved retina thickness in db/db mice (CD versus WD, P , 0.05). Overall, whole retina thickness was not altered in WT mice with or without wolfberry treatment. Additionally, we measured the thickness of the GCL, IPL, INL, OPL, ONL and photoreceptor layer (IS þ OS) and found that the INL and photoreceptor layer (IS þ OS) were significant thinner in db/db mice at 14 weeks of age than that of WT mice (P , 0.05). However, no significant change was observed in the thickness of the GCL, IPL, OPL and ONL. Wolfberry improved thickness of the photoreceptor layer and INL in db/db mice (Figure 2a , data on OPL and GCL were not shown).
Ganglion cell number was measured in the central retinal region (Figure 2b ). There were significantly fewer ganglion cells in diabetic db/db mice fed CD than that of WT mice. Application of wolfberry completely improved the loss of ganglion cells in db/db mice. Ganglion cell number was constant in WT mice with or without wolfberry treatment.
We further investigated retinal structural change in mice with or without wolfberry treatment. As shown in Figure 2c , nuclear distribution in the ONL was much disorganized in db/db mice fed CD (n ¼ 21), compared with WT mice, although overall thickness of the ONL was not significantly changed (Figure 2a ). We consistently observed a channel-like structure (arrowed in the inserted image) in the RPE layers of all 21 db/db mice fed CD. No such structure was found in either db/db fed WD, or WT fed CD or WD. Thus we excluded any artifact of the eye tissue processing. This structure might be a very early sign of the disruption of integrity of the RPE layer, although no similar structure has been reported in human diabetic retinopathy. Improvement of those retinal abnormalities was apparently observed in db/db mice fed dietary wolfberry (Figure 2c , the far right panel). Wolfberry caused no structural alteration in WT mice.
Wolfberry attenuates ER stress in retina of db/db type 2 diabetic mice
Next, we determined the mechanism of wolfberry on restoration of retinal structure in db/db mice. After dietary wolfberry treatment for eight weeks, the retinal cell lysates of WT and db/db mice were analyzed by Western blot to monitor alteration of ER stress protein expression. Results in Figures 3a-e demonstrated that elevated protein expression of ER stress biomarkers, BiP, PERK, ATF6, and active caspase-12 occurred in db/db mice fed the CD, compared with those of WT mice fed the CD, indicating that db/db mice developed retinal ER stress at 14 weeks of age. Addition of 1 kcal% dietary wolfberry significantly mitigated retinal ER stress as demonstrated by lowered expression of ER stress biomarkers in db/db mice, and in some cases the levels did not differ by diet (CD versus WD) in WT mice (P , 0.05) (Figures 3a-e ). Caspase-3 Figure 1 Food consumption, body weight and fasting blood glucose in wildtype (WT) and db/db type 2 diabetic mice. Six-week old male WT and db/db diabetic mice (db/db) were fed the control diet (CD) or the control diet with 1% (kcal) wolfberry (WD) for eight weeks. Food consumption (a) and body weight (b) were monitored weekly. Fasting blood glucose (c) was tracked biweekly. n ¼ 21 Figure 2 Wolfberry improves retinal abnormality in db/db type 2 diabetic mice. After dietary treatments mouse eye balls were fixed, and thick retina sections were prepared as described in the Materials and methods section. (a) The central retinal thickness, and the inner plexiform layer, inner nuclear layer, outer nuclear layer and photoreceptor layer (IS þ OS) were measured and graphed (n ¼ 21). Ã P , 0.05 versus WT with CD. (b) Ganglion cells were counted and graphed as described in the Materials and methods section. Loss of ganglion cells in the db/db mouse fed CD was significant. Ã P , 0.05 versus WT with CD. (c) Retinal structure of WT and db/db mice after dietary treatments. The inserted picture showing a channel-like structure in the RPE cell layer of db/db type 2 diabetic mice (arrowed) (n ¼ 21). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS, inner segment layer; OS, outer segment layer; RPE, retinal pigment epithelium layer; WT, wild-type mice; db/db, db/db type 2 diabetic mice; CD, control diet; WD, control diet with 1% (kcal) wolfberry. Scale bar, 10 mm activation in retina of db/db mice was significantly inhibited by wolfberry (P , 0.05) (Figures 3a and f ) .
Wolfberry induces protein expression of AMPK, FOXO3a and antioxidant enzymes thioredoxin and
Mn superoxide dismutase in retina of db/db type 2 diabetic mice
As shown in Figures 4a -c, AMPKa and phospho-AMPKa
Thr172 proteins were significantly down-regulated in retina of db/db mice fed CD, which was normalized by feeding WD (P , 0.05). Phospho-AMPKa Thr172, but not total AMPKa proteins, was elevated significantly in the wolfberry treated retina of WT mice. The results suggested that addition of wolfberry restored AMPK activity in diabetic retina.
Thioredoxin and Mn superoxide dismutase (Mn SOD) are major antioxidant enzymes in scavenging cellular ROS in the cytoplasm and mitochondria, respectively. 25 -27 As shown in Figures 4a, d and e, the protein expression of thioredoxin and Mn SOD was inhibited in the retina of db/db mice fed CD (P , 0.05). Wolfberry treatment in db/ db mice caused elevated expression of thioredoxin and Mn SOD which were comparable to WT mice.
Forkhead O transcription factor 3a (FOXO3a) dually functions as a proapoptotic and/or antiapoptotic transcription factor in response to stress. 28, 29 Activation of FOXO3a protects cells from oxidative stress in diabetes. 30, 31 The results in Figures 4a, f and g demonstrated that protein concentrations of phospho-FOXO3a Ser253 and total FOXO3a decreased significantly in the retina of db/db diabetic mice fed CD, which were restored by wolfberry (P , 0.05). 
Activation of AMPKa by zeaxanthin and/or lutein protects human RPE cell culture against a high glucose challenge
Finally, we wished to determine what potential bioactive constituents of wolfberry exert the influence on retinal protection in db/db mice. Zeaxanthin and lutein, which are abundant in wolfberry, have been documented to be specifically transported and accumulated in the RPE and other retinal layers, and act as a potential antioxidant in the prevention of macular degeneration. 32, 33 Here we used a human adult diploid RPE cell line ARPE-19 to determine their protective effects on a high glucose challenge. In the preliminary study we investigated the glucose dose response in APRE-19 cells and found that exposure to 36 mmol/L glucose could achieve significant hyperglycemic effects in cells, which was similar to human diabetic retina, for instance, production of ROS, activation of ER stress and apoptosis. Thus, in this report we used 36 mmol/L glucose to mimic hyperglycemia condition in vitro. Mannitol was used as an osmotic control. Zeaxanthin and/or lutein were simultaneously added into the culture medium for 48 h. Then whole-cell lysates were subjected to Western blot. Data showed that the expression levels of proteins (e.g. phospho-AMPKa Thr172, AMPKa, FOXO3a, thioredoxin, Mn SOD) in high glucose challenged cells were significantly lower than those in PBS and/or mannitol groups. PERK protein levels were significantly elevated in the cells exposed to high glucose (Figure 5a , P , 0.05, n ¼ 3). Both zeaxanthin and/or lutein could mimic the wolfberry preventive effect on activation of AMPKa, FOXO3a, Mn SOD, thioredoxin and inhibition of PERK (Figure 5a , P , 0.05, n ¼ 3, only AMPK and PERK mean data shown in lower graphs). Further, we determined that high glucose induced generation of cellular ROS in ARPE-19 cells. Zeaxanthin and/or lutein mitigated ROS generation dose dependently in ARPE-19 cells exposed to a high glucose challenge (Figure 5b, P , 0.05, n ¼ 3, gray columns) .
To confirm that AMPKa activation is essential to diminished cellular ROS generation by a high glucose challenge, we knocked down AMPKa by siRNA in the zeaxanthintreated (1.25 mmol/L) ARPE-19 cells under a high glucose challenge (36 mmol/L glucose). Vehicle only (HiPerfect transfection reagent) and the negative control siRNA were used as negative controls. Results clearly demonstrated that knockdown of AMPKa significantly abolished the zeaxanthin effect on normalization of cellular ROS level induced by high glucose (P , 0.05) (Figure 5b , far right three black columns: AMPKa siRNA versus Vehicle or Negative siRNA; Figures 6a and b) . Western blot results further showed that knockdown of AMPKa caused significant decreases in protein expression of POXO3a, Mn SOD and thioredoxin, but increases in PERK in high glucose challenged ARPE-19 cells treated with zeaxanthin at 1.25 mmol/L (P , 0.05) (Figures 6a and b , each protein expression was normalized to b-actin). Data suggested that AMPKa modulated downstream activities of FOXO3a, thioredoxin and Mn SOD. Zeaxanthin diminished high glucose-induced cellular ROS production and/or ER stress via restoration of AMPKa.
Discussion
In the current study, we investigated the preventive effects of wolfberry on hyperglycemia-induced retinal damage by application of dietary wolfberry at 1% (kcal) to the db/db mouse, starting at six weeks of age while the fasting blood glucose concentration had been elevated to 189.4 + 31.9 mg/dL. The results have demonstrated for the first time that RPE integrity and retinal structure were altered at the early stage of diabetes in the db/db mouse model, and this abnormality could be ameliorated by dietary wolfberry.
The genetically programmed diabetic db/db mouse is an adequate model for studies on the pathogenesis of retinopathy; no retinal disorder occurs in the new born mouse. 34 It has been reported that the db/db mouse starts to develop hyperglycemia at eight weeks of age, 35 which was very similar to our observation. Breakdown of blood -retinal barrier and leakage of retinal microvessels occurs at 18 weeks of age. About seven weeks later, severe microvessel leakage and retinopathy were observed. 36 -40 In the current study we observed that fasting blood glucose concentration was elevated to .300 mg/dL at 10 weeks of age in db/db fed CD but not WT mice, indicating that the db/db mouse developed hyperglycemia and/or hyperinsulinemia (Figure 1c ) at the similar age as previously reported. 34, 35 According to publications, retinal blood microvessels may still be intact; no blood leakage occurs at this early stage of diabetes in db/db mice. 36 -40 Thus, the young db/db mouse (,18 weeks of age) would be an excellent type 2 diabetic model for the study in prevention of the development of diabetic retinopathy.
Hyperglycemia induces biochemical abnormality in diabetic cells and tissues, which leads to retinal degeneration. Diabetic retinal degeneration is associated with ganglion cell loss, and reduction of retinal thickness including INL, IPL and/or ONL. 23,41 -43 The db/db leptin receptor deficient mouse is a spontaneous type 2 diabetic mouse model. Our findings in loss of ganglion cells was consistent with the previous report. 41 We also found for the first time that INL and photoreceptor layers were abnormal compared with WT mice (C57BLKS/J).
Wolfberry fruits have been most popularly consumed as a part of Chinese cuisine although it is also considered as an herbal medicine. Wolfberries are being sold as herbal supplements in Western countries as well. 14 Consumption of wolfberries is beneficial to general health, including vision. 14 -18 In this study we applied a low-dose (1% (kCal)) wolfberry to both WT and db/db mice to mimic what humans would eat on a practical basis. Apparently both types of animals fed the wolfberry supplemented diets survived as well as those fed the CD, as shown in gain of body mass and overall organ weight, suggestive of no obvious side-effects at the dose range. However, wolfberry at 1% (kcal) did not systematically affect the levels of fasting blood glucose and insulin in the diabetic mouse at 14 weeks of age. This may be due to the retinal specific accumulation of its bioactive components zeaxanthin and lutein in mice as discussed below.
The bioactive constituents of wolfberry have been well characterized. The major groups of substance in the wolfberry are carotenoids, polysaccharides and flavonoids. 14 Zeaxanthin and lutein dipalmitates are the most dominant and unique constituents of wolfberry carotenoid fractions. 14, 15 Zeaxanthin and lutein are specifically transported to and preferentially taken up, and accumulated in retinal cells by sharing the transportation pathway of HDL cholesterol. 32, 33 It has been suggested that in the retina, zeaxanthin and/or lutein bind to antioxidant enzymes, which in turn stabilize the proteins under chronic oxidative stress in the case of macular degeneration. 32,40 -46 Recently, Gierhart and colleagues 47 reported that zeaxanthin administration at 0.02% or 0.1% (diet by weight) significantly inhibited diabetes-induced retinal oxidative damage, but no effect was achieved on the severity of hyperglycemia in rats at the early stage of diabetes.
In the current study we used wolfberry fruits and pure zeaxanthin and/or lutein to treat diabetic mice and human RPE cells, respectively. The results suggested that wolfberry protected retinal cells against a high glucose challenge locally but not systemically, at least partially, if not all, through zeaxanthin and/or lutein, though there may be some potential synergistic interactions of Figure 5 Zeaxanthin and/or lutein activation of AMPK protects human retinal pigment epithelium (RPE) cell culture against a high glucose challenge. Human adult diploid RPE cell line ARPE-19 cells were treated with 36 mmol/L glucose for 48 h to mimic hyperglycemia condition in db/db mice. Zeaxanthin and/or lutein were simultaneously added into the culture medium. Mannitol was used as an osmotic control. The whole-cell lysates were subjected to Western blot (a). b-Actin was used as an equal loading control to normalize each protein expression. Relative band intensity of each protein to b-actin was used for graphing and statistic analysis. ( Ã P , 0.05, n ¼ 3, mean data on AMPK and PERK shown in lower graphs). Other mean data not shown.) Zeaxanthin group samples #1 to #5: PBS, mannitol, glucose only, glucose with zeaxanthin 0.625 mmol/L and glucose with zeaxanthin 1.25 mmol/L, Ã P , 0.05 versus the PBS (sample #1). Lutein group samples #6 to #10: PBS, mannitol, glucose only, glucose with lutein 0.625 mmol/L and glucose with lutein 1.25 mmol/L, Ã P , 0.05 versus the PBS (sample #6). The cellular reactive oxygen species (ROS) level was determined (b). AMPKa was knocked down by its specific siRNA in the zeaxanthin (1.25 mmol/L) treated ARPE-19 cells under a high glucose challenge. AMPKa siRNA knockdown-altered cellular ROS level was determined and expressed in the far right three black columns of graph b (P , 0.05 versus the Vehicle). PBS, phosphate-buffered saline; Mann, mannitol; Gluc, glucose; Zeax, zeaxanthin; AMPKa, AMP activated protein kinase a; Mn SOD, Mn superoxide dismutase; PERK, protein kinase RNA-like ER kinase other bioactive components in wolfberry, such as phenolics and polysaccharides.
AMPK is a cellular energy sensor in mammals. It is downregulated in type 2 diabetic patients. 3 -5 Targeting AMPK has been suggested as a most successful pharmaceutical strategy for type 2 diabetes. For instance, metformin, an oral antidiabetic drug, at least partially works through activation of AMPK. 6, 48 Wolfberry induced AMPK activation in WT mice and increased AMPK protein concentration in db/ db mice (Figures 4a -c) . Retinal AMPK activation may be due to retinal specific accumulation of zeaxanthin and/or lutein. Further, wolfberry restored FOXO3a (Figures 4f  and g) . Data suggested that wolfberry protection of retina from caspase-3 dependent apoptosis may be through regulation of protein expression, centered by AMPK activation.
FOXO3a is regulated by AKT/PKB, extracellular signalregulated kinases and AMPK. It is essential to cell survival in diabetes. 31, 49, 50 FOXO3a is being clinically shown to achieve the therapeutic effects. 30, 31 Down-regulation of FOXO3a results in disruption of cellular ubiquitination and inhibition of antioxidant activity. AMPK up-regulation of FOXO3a has been suggested to account for increased expression of antioxidant enzymes thioredoxin and Mn SOD in diabetic endothelial cells. 50 Application of wolfberry caused up-regulation of retinal FOXO3a and thioredoxin and Mn SOD (Figure 4 ), which may lead to diminishing cellular ROS generation. Increased thioredoxin and Mn SOD by dietary wolfberry may be due to up-regulation of gene expression and/or stabilization of existing proteins by zeaxanthin and/or lutein under hyperglycemia. The cell culture study further suggested that wolfberry restoration of thioredoxin and Mn SOD would help re-balance cellular redox homeostasis through normalization of cellular ROS status.
ER stress has been exclusively documented to be a major driven force to cellular oxidative retinal damage at the late stage of diabetes. 10, 51 We have demonstrated in this study that hyperglycemia induced elevated protein expression of ER stress biomarkers in early diabetic retina in vivo, indicating that hyperglycemia accounts for retinal ER stress, inhibition of AMPKa, thioredoxin, Mn SOD, FOXO3a, and retinal abnormality. This was further confirmed by in vitro studies on human retinal ARPE-19 cells when they were exposed to a high glucose challenge (Figure 5a ). This was Figure 6 Small interfering RNA (siRNA) knockdown of AMP-activated protein kinase a (AMPKa) causes significant decreases in protein expression of POXO3a, Mn SOD and thioredoxin, but increases in PERK in high glucose challenged ARPE-19 cells. AMPKa was knocked down by its specific siRNA in the zeaxanthin (1.25 mmol/L) treated ARPE-19 cells under a high glucose challenge. Alteration of protein expression was monitored by Western blot. Representative images were shown (a). b-Actin was used as an equal loading control to normalize each protein expression. Relative band intensity of each protein to b-actin was used for graphing and statistic analysis (b). Ã P 0.05 versus the Vehicle groups. PERK, protein kinase RNA-like ER kinase; Mn SOD, Mn superoxide dismutase not due to osmotic pressure as mannitol alone did not differ from PBS controls. Prolonged hyperglycemia (or high glucose) distinctly induces generation of cellular ROS (Figure 5b ), which was diminished by administration of whole wolfberries and/or the bioactive fractions zeaxanthin and lutein. AMPKa siRNA knockdown results further suggested that zeaxanthin diminished high glucose-induced cellular ROS levels via restoration of AMPKa. AMPKa is the upstream modulator of FOXO3a and thioredoxin and Mn SOD.
Taken together, dietary wolfberry and/or its bioactive constituents, zeaxanthin and lutein, functioned as modulators of cell survival/death signaling pathways, through targeting pathways in AMPK and FOXO3a signaling, resulting in normalization of cellular ROS and subsequent attenuation of ER stress. This could lead to prevention of retinal apoptosis and restoration of retinal structure in the type 2 diabetic mouse (Figure 7) . Dietary treatments using individual fractions isolated from the wolfberry would be necessary for further mechanistic studies in vivo. To our knowledge, this is the first report that wolfberry bioactive constituents prevented or delayed the onset of the disease of diabetic retinopathy in an animal mode.
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